Wide azimuth, long-offset seismic surveys are becoming increasing common in unconventional exploration plays where one of the key routine processes is preserving the data fidelity at far offset. There are two main issues associated with preserving the date fidelity contained in the far offsets: 1) mitigating the "hockey sticks" using nonhyperbolic velocity analysis and 2) minimizing the stretch at the far offset.
Introduction
Velocity analysis applied on common-midpoint (CMP) gathers is usually based on computing the coherence of moveout corrected gathers using zero-offset times and a suite of trial stacking velocities. The accuracy of velocity analysis depends on 1) the resolution of velocity spectra, 2) the accuracy of the selected equation in approximating the kinematic behaviors of the reflection events, and 3) the skill and experience of data processor. When the offset-to-depth ratio ( 2ℎ⁄ ≤ 1.0 ) is small, usually we only need to perform hyperbolic velocity analysis (Dix, 1955) . As offset increases we often encounter nonhyperbolic moveout in both isotropic (Bolshykh, 1956, Taner and Koehler, 1969; de Bazelaire, 1988) and anisotropic media (Alkhalifah, 1997; Fomel and Stovas, 2010) . The most commonly used workflow to perform nonhyperbolic velocity analysis is to first estimate the NMO velocity (Vnmo) on offset-limited gathers using a hyperbolic NMO correction, followed by estimation of effective anellipticity (ηeff) using the fulloffset gathers. Small aperture Vnmo analysis may be inaccurate. Furthermore picking errors in Vnmo introduce errors into the subsequent analysis of ηeff. Unfortunately simultaneous picking of Vnmo and ηeff is time consuming and tedious.
Conventional velocity analysis (CVA) requires manually picking the peaks of the semblance panel. Such picking is tedious, and a great deal of effort has been invested in attempting to accelerate this process. CVA also requires a great deal of skill and experience. There is no guarantee that the picked stacking velocity represents the true earth model with erroneous picks (for example of multiple reflections) leading to infeasible interval velocities. Toldi (1989) proposed one of the first velocity analysis algorithms that avoids manual picking. The final product is an interval velocity model that when converted to a moveout curve corresponds to the most powerful stacking. Calderón-Macías et al. (1998) performed automatic velocity analysis to recover the interval velocity model using an l1-norm in the τ-p domain. Siliqi et al. (2003) obtained dense model parameters by simultaneously picking velocity and anellipticity. Abbad et al. (2009) proposed two-step automatic nonhyperbolic velocity analysis using a normalized bootstrapped differential semblance (BDS). They first performed hyperbolic velocity analysis on truncated small-offset gather at coarse space to identify events, and then implemented dense nonhyperbolic velocity analysis about the identified events. The BDS estimator has higher resolution than differential semblance (DS), but can significantly increase the computation cost. Choi et al. (2010) developed an efficient automatic velocity analysis by using BDS and Monte Carlo inversion.
To use the critical information contained in the far offset data, we need not only to mitigate the "hockey sticks" at far offset using nonhyperbolic travel time equation but also minimize the stretch typically associated with large offset. In this paper, we first extend Toldi's (1989) method by adding interval anellipticity as one of the parameters for the model to perform automatic nonhyperbolic analysis based on user defined horizons. We then follow Zhang et al., (2013) to minimize the stretch at far offset. We apply our technique as a residual velocity analysis workflow to a prestack time-migrated data volume acquired over the Fort Worth Basin, USA, and show the improvements on both the prestack corrected gathers and final stacked section.
Automated nonhyperbolic velocity analysis
There are mainly two issues in performing automatic residual velocity analysis. The first issue is to select a proper travel time equation. The second issue is to define the objective function as a function of proposed model. In this paper we employ the well-known nonhyperbolic trajectory (Alkhalifah, 1997) .
where t0 is the two-way traveltime at zero-offset, x is offset, Vnmo(t0) is the NMO velocity at small apertures, and ηeff is effective anellipticity. For VTI (vertical transverse isotropy) media, Alkhalifah (1997) deduced the relationship between effective and interval values using Dix forward equations (2b) where ( ) is the instantaneous (interval) anisotropy, and is the interval NMO velocity given by
where ( ) is the vertical interval velocity and ( ) is one of the Thomsen's anisotropy parameters (Thomsen, 1986) .
The objective of our algorithm is to search an interval model m using DE (Storn and Price, 1997 ) that gives the maximum semblance value S. The model m consists of the interval NMO velocity and instantaneous (interval) anisotropy parameters
and objective function Q(m)
where x and y stand for inline and crossline, and indices i, j, k indicate the index of time, inline, and crossline samples. Figure 1 illustrates the proposed workflow for automatic nonhyperbolic velocity analysis. Our input data consist of prestack time migrated CMP gathers, the initial migration velocity, and interpreted horizons. The outputs are flattened gathers, and a model of interval velocity and anellipticity that best flatten the gathers. The prestack gathers are generated from time-migrated gather that have been subjected to a reverse NMO correction using the migration velocity. The horizons are manually interpreted on an offset-limited stack of the migrated gathers, and are used to parameterize the interval model m. The algorithm starts by building an initial interval velocity model from migration velocity, then generates suite of alternative models in the decision space. Next, the model undergoes DE mutation and crossover to generate a set of new trial interval models and calculate the effective models using equation 2. The algorithm estimates the objective function for each model, better models survive into the next generation. We repeat generating and evaluating the new models until all the reflection events are flattened, or convergence slows down. The objective is to find a model that gives the maximum stacking power using a global optimization strategy called differential evolution.
Minimize the stretch associated with far offset
Migration and NMO corrections are conducted sample by sample which results in the well-known decrease of frequency content and amplitude distortion through stretch at far offset. To avoid the effects of serious stretch associated with large offsets, we usually mute the farther offsets based on a user-defined criterion. Muting of large offset not only lowers the stacking power, it also hinder reduces information necessary for accurate prestack inversion of shear impedance and density. Zhang et al.
(2013) developed a wavelet-based algorithm named MPNMO to minimize the stretch at large aperture. Their algorithm first applies reverse NMO correction, which "resqueezes" the migration stretch of the time migrated gathers, and then conducts a wavelet-based NMO correction on the reverse NMO corrected gathers. In this paper, we apply their workflow to the time migrated gathers using new velocity and anellipticity model obtained from automated nonhyperbolic velocity analysis. In this manner, resolution is improved first by aligning the data and second by avoiding stretch.
Application
To illustrate the effectiveness of the proposed workflow, we apply it to prestack time migrated CMP gathers in the Fort Worth Basin (FWB), USA. The FWB is a foreland basin and covers approximately 54000 mi 2 (14000 km 2 ) in north-central Texas. The target is Mississippian Barnett Shale which is one of the largest unconventional reservoir in the world and spreads approximately 28000 mi 2 (72520 km 2 ) across the FWB (da Silva, 2013). Our survey located in Wise County is at northeastern portion of the FWB. Wise County is one of the core production areas. The survey has a maximum offset of 13000 ft while the target Barnett Shale lies at approximately 7000 ft depth. Figure 2a shows a representative time-migrated CMP gather using two term hyperbolic travel time equation. Note the "hockey stick" and stretch indicated by the white arrows at far offsets. The "hockey stick" blurs the reflection events while the stretch lowers the resolution in the stacked volume. Usually, seriously stretched data are muted out (Figure 2b ) based on a user-defined muting criterion. In this example we allow wavelets to stretch no more than 130%. Figure 2c shows the flattened gather using Vnmo (Figure 4c ) and ηeff (Figure 4d ) obtained from proposed automated velocity analysis. Figure 2d shows the flattened nonstretch gather. Note that MPNMO minimizes the stretch that occurs at the far offset when compared to the original timemigrated gathers. We obtained the input migration velocity (Figure 3a) by performing hyperbolic velocity analysis on coarse grid (20x20) super gathers. The migration velocity is then converted to interval velocity (Figure 3b) as one of the inputs for our algorithm. Figures 4a and 4b show the last optimal interval NMO velocity and anellipticity. The corresponding optimal RMS velocity and effective anellipticity are respectively shown in Figures 4c and 4d . Compared to the initial velocity model, the optimized interval NMO and RMS velocity have higher resolution. The differences between initial and optimized velocities are caused by 1) the isotropic assumption compensating for the anellipticity and 2) the initial velocity analysis performed on coarse grids super gathers having lower lateral resolution. Some correlations can be observed between the inverted model and the geology features in the stacked section. For example, velocity pattern (high-low-high) indicated by the white arrows in Figure 4a correlates to the Marble Falls Limestone-Upper Barnett Shale-Forest burg Limestone sequences. The velocity increasing indicated by the grey arrows corresponds to the Viola limestone. The optimal interval velocity image has higher resolution than the initial interval velocity (Figure 3b ). Figure 5 shows the stacked sections between 1.15s and 1.4s where our reservoir locates. Note the improved resolution indicated by yellow arrows and more continuous reflection events indicated by the red arrow. Unfortunately the stacking power indicated by green arrow has lower energy compared to that of conventional. This artifact arises because MPNMO does not properly hander interfering reflections in prestack domain and moves all the interfered
energy of current wavelets to the lower reflection events. To quantify the improved resolution, we compare the average amplitude spectra of the stacked data in shown Figure 5 . The blue and red curves represent the stacked data from conventional ( Figure 5a ) and proposed processing workflow (Figure 5b ). The MPNMO spectrum obviously has a greater ratio of high to low frequencies. Figure 6: Spectra of stacked section from conventional-(blue) and proposed-(rea) processing. Note the spectrum of new stacked section obviously has a greater ratio of high to low frequencies.
Conclusions
"Hockey stick" and stretch are the two main issues associated with long offset data processing. We propose a two-step workflow for maximizing the usage of information contained in far offsets. The first one is an automatic nonhyperbolic velocity analysis to obtain an interval model that gives the maximum stacking power.
The interval model based search ensures that the optimized model is physically feasible and avoids sudden variations. In our application the interval velocity has very good correlation with the reflection events in the stacked section. Unfortunately the interval anellipticity is ambiguous and need further comparison to well log data. Nonhyperbolic velocity analysis can mitigate the "Hockey stick" but not the stretch appeared at large aperture. MPNMO minimizes the stretch and improves the stacking power and resolution critical for interpreting thin reservoirs. Another advantage benefiting from MPNMO is that more far-offset data are available for subsequent λρ-μρ and AVAz inversion. 
